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SUMMARY 
Experimental investigations have been carried out in the 
UTIAS 4 in. x 7 in. hypersonic shock tube to measure diaphragm opening- 
t imes  and to evaluate shock tube performance with particle traps located 
near the diaphragm station. 
models, have been made in order to obtain approximate comparisons with 
the experimental results.  
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sound speed (ft. / sec .  ) 
cross-sect ion a r e a  (in. 2) 
base width of diaphragm petal (in. ) 
drag  coefficient 
diaphragm sc r ibe  depth (in. ) 
force acting ox diapbzagm petal (Ibs. ) 
factor defined by Eq. (C. 8) 
moment of lIlertia of diaphragm petal 
nondimensionalizirlg factor  given in Eq. (B. 2) 
particle m a s s  ( s lugs)  
flow Mach number 
shock Mach number 
bending moment acting on diaphragm petal 
p re s su re  (lb. /in. 2>  
particle reference a r e a  (in. 2) 
nondimensionalizing factor given in Eq. (B. 2) 
flow velocity (ft.  / sec .  ) 
particle velocity (ft. i sec .  ) 
flow deflection angle (Fig. B. 1) 
factor defined by Eq. (C. 2)  
isentropic index 
deflection angle of diaphragm petal (Fig. A. 1) 
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4, 4' 
SuDer s c  r i D t  s 
density of diaphragm mate r i a l  (s lugs/ in .  3,  
bending s t r e s s  in diaphragm petal (lbs. /in. 2, 
basic  (unscribed) diaphragm thickness (in. ) 
diaphragm thickness along sc r ibe  (in. ) 
initial conditions 
re fer  to flow regions shown in Fig. C. 1 
I nondimensional quantities 
vi  
. 
3 .  INTRODUCTION 
As a resu l t  of particle impact and erosion which were en- 
countered during the initial calibration tests of the 4 in. x 7 in. combustion- 
dr iven shock tube (Refs. 1 and 2 )  a l imited experimental  program has  been 
c a r r i e d  out in o r d e r  to obtain information that would prove useful in  over- 
coming this  problem. The investigation consisted of (1) measurements of 
the t ime  required f o r  shock tube diaphragms t o  rupture  and (2) a n  evaluation 
of shock tube performance when a system of diaphragm particle t r aps  were 
located jus t  downstream of the diaphragm station. 
T ~ Q  sim_l.dtz_n_eni-is and independent measurements  of diaphragm 
opening-times were made in order  to try to establish a reasonable working 
value which may be used in some future design of a quick-opening, shock- 
generating valve t o  replace shock tube diaphragms. 
great ly  enhance shock tube operation. 
Such a device would 
The use of an optically-tight system of t r a p s  provide a pos- 
s ible  means for  removing diaphragm part ic les  from shock tube flows. 
Such a t r a p  system was designed and tested in the present  work, with 
par t icular  emphasis given to the determination of its effect on the overal l  
performance of the shock tube. 
2. MEASUREMENT OF DIAPHRAGM OPENING-TIMES 
The general  experimental  set-up which was used is shown 
schematically in  Fig. 1. 
The diaphragms used in  these  tests were cut from s ta in less  
A steel sheet  (type 302) and were scribed in  the manner shown in Fig. 2a. 
typical ruptured diaphragm is shown in  Fig. 2b .  
Measurements of diaphragm opening-times were made by 
two different methods. 
OAP-12 photodiode to  observe an increase in  light emiss ion  from the d r ive r  
sect ion as the diaphragm ruptured. 
as the source  of light emission. The photodiode probe which was used is 
shown in Fig. 3. 
One measurement was taken by using a Philips 
The hot combustion-driver gas  served  
A second measurement of diaphragm. opening-time was taken 
by means of a Shure Model MC11-J microphone attached to the outer  wall 
of the shock tube at the diaphragm station as shown in  Fig. 1. 
Signals from the two sensicg devices were fed into a dual 
beam oscilloscope and recorded simultaneously. 
tests are shown in  Fig. 4. 
The resu l t s  f rom two 
In Fig. 4a t . e  photodiode probe was facing up- 
1 
s t r eam along the center l ine of the shock tube (i. e . ,  looking directly at the 
diaphragm). In Fig. 4b the probe was rotated 900 from the above position 
ar,d thus was sensing s ide wall reflection only. 
wave is c lear ly  indicated when the probe is in this  position. 
t r ace  in each figure is the signal received from the microphone. 
period of "diaphragm noise' '  is seen  to  be in good agreement with the t ime 
required to  reach peak light intensity in the photodiode traces. 
The passage of the shock 
The lower 
The 
Fur ther  experimental  r e su l t s  are shown in Fig.  5. In Fig. 
5a the photodiode response corresponds to  the same  mode of operation 
w e d  to  obtain the resu l t s  of Fig. 4a. 
photodiode was collimated by placing T r a p  A (see Fig.  7 )  jus t  downstream 
of the diaphragm station. 
this viewing area,  the photodiode output ceases to  increase  and r e m a i m  
quite constant up to  the t ime of shock wave a r r i v a l  at the probe. Thus it 
was concluded that changes in light intensity corresponded to the opening 
of the diaphragm only and not t o  deviations in  background illumination. 
The measured r iset ime in Fig. 5a was 845 sec .  as compared to  710 
for  Fig. 5b. 
In Fig. 5b the viewing field of the 
When the diaphragm opening-area pas ses  beyond 
rsec. P 
The microphone signal in Fig.  5a was very  noisy as a resu l t  
of insecure mounting. 
response shown in Fig.  5b as well as that shown in Fig.  4. 
An improved method of mounting resulted in the 
The photodiode response may a l so  be correlated with the 
pressure- t ime history for  the combustion-driver gas  as seen  in  Fig. 6.  
The oscilloscope t r iggering signal for the photodiode was delayed fo r  14 
msec.  af ter  the tr iggering signal for  the p re s su re  t ransducer  (Kistler Model 
605)  used to  measure combustion-driver p re s su re .  The photodiode response 
is seen  to  begin just p r ior  t o  the t ime of peak combustion p res su re .  This  
is t o  be expected in the present  system since the p re s su re  t ransducer  is 
located in  the end of the dr iver  section at a distance of 7. 75 feet away from 
the diaphragm station. 
The experimental  values for  diaphragm opening-times which 
were measured in this work are given in  Table I. 
tained a r e  for  diaphragms having a basic thickness, rd , of . 108" and a 
sc r ibe  depth, dS,of .048". The combustion-driver p re s su re  necessary  to 
rupture  these diaphragms was approximately 2000 psi .  
obtained for  the opening-time of these diaphragms were: 
Most of the resu l t s  ob- 
The average values 
Photodiode - 800 2 45 sec .  
Microphone - 850 2 25 sec. 
P 
P 
A simple model for  diaphragm rupture  was assumed for  the 
purpose of calculating approximate theoretical  values with which to cornpa-e 
2 
4 
the results given in Table I. 
in Appendix A. 
A detailed discussion of this analysis is given 
The following s i m p l e  relation was obtained for  total dia- 
phragm opening-time 
t = 4.73 [$I+ 104 ( p s e c .  1 (2.1) 
where 
pd = density of diaphragm mater ia l  (lb. /in. 3 ) 
b = base width of diaphragm petal (in. ) 
= diaphragm thickness (in.) 
p4 = combustion-driver p re s su re  (lb. /in. 2, 
Results of a diaphragm opening analysis made at NASA 
Ames Research Center (Ref. 3 )  were received jus t  af ter  the present  
theoretical  study was  completed. In the Ames analysis it was  assumed 
(as in the present  work) that each diaphragm petal of a four-lobe opening 
acted a s  a freely-hinged leaf exposed to a constant pressure .  
expression (using the present  notation) for  diaphragm opening-time was  
Their  final 
where 6 was taken in units of lb. / f t .  a s  in Eq.( 2. 1). 
Making the appropriate conversion of units in Eq. (2 .2 )  gives the following 
r e su l t  
instead of lb. /in. 
which is in good agreement with Eq. (2.1). 
3 .  SHOCK TUBE PERFORMANCE WITH DIAPHRAGM PARTICLE TRAPS 
The se t  of particle t r a p s  which was used in this work is 
shown in Fig. 7. 
these t r aps  is given in Appendix B. 
A discussion of design features  and considerations for  
The overal l  evaluation of shock tube performance is based 
mainly on measurements  of shock Mach number in the tes t  section as a 
function of initial conditions. Stagnation-point heat t r ans fe r  rate measurements  
(Ref. 4) were alscr.made in order  to determine tes t  flow duration and uniformity. 
3 
R e s u l t s  of the shock speed measurements  are give? in 
Fig. 8, where the variation in shock Mach number over  a range of dia- 
phragm pressure  rat ios  is plotted f o r  different particle t r ap  arrangements.  
A decrease in shock Mach number for  a given value of p 4 / ~ 1  is evident 
when more  than one of the t raps  are present in the tube. It should be noted 
that no correction has been made for overall  shock wave attenuation in the 
driven section. Such a correction would, of course,  provide bet ter  agree-  
ment  between the experimental resu l t s  and theoretical  predictions. 
The measurements corresponding to operation with only the 
first-stage t rap  (Trap A)  in position appear to fall within the sca t te r  of the 
results obtained during normal  operation (i. e. , without particle t raps) .  
However, as mentioned above, when additional t raps  a r e  placed in the tube 
there  is a noticeable decrease in shock tube performance. 
A s  in the case of diaphragm opening-time considerations, a 
simple theoretical model was used as a means of making a 3  approximate 
determination of shock tube performance when flow obstacles were located 
near  the diaphragm (Ref. 5). 
analysis is given in  Appendix C .  
A detailed discussion of this simplified 
The calculated performance curves a r e  shown in Fig. 9. 
AIL of the experimental results given in Fig. 8 have been arbi t rar i ly  
c,osrected in Fig. 9 by an amount equal to an  average shock Mach tlurnber 
attenuation (AM, = 1.24) for  operation without t r aps  which is based on 
the average deviation between the experimental data and ideal theory, (see 
Eq. C .  12) .  In other words, the resul ts  of Fig. 8 have been s h i f t e d  to the 
r l g k  i3 Fig. 9 to provide agreement between theory and experiment for 
operation without t raps .  
more  direct  comparison of theory and experiment for  operation with t raps .  
-
This  adjustment then makes it possible to have a 
The experimental results,  as shown in Fig. 9, iqdicate that 
the effect of a single flow obstacle (viz. ,  T r a p  A) is not as severe  a s  pre-  
dicted by the simple theory. The resul ts  corresponding to operation with 
tvro o r  three particle t r aps  are in somewhat bet ter  agreement with theo- 
re t ical  predictions. 
1 .  qnmn +,,,;,,I +L:- .c:i-- - - L -  - 
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rate measurements (Ref. 4), which were taken at the stagnailon line of a 
righf c i rcu lar  cylinder (0. 5" dia. ), a r e  shown in Fig.  10. These resul ts  
were obtained using initial p ressures ,  pI, of 20 mm Hg in the first two 
eases  agd 40 mm Hg in the la t ter  ca se  with combustion-driver p re s su res  
of approximately 2000 psi  in all three cases .  
Figure 10a shows the resu l t s  obtained during conventiona! 
operation without particle t raps .  
during operation with the complete set of particle t raps  Located in the shock 
The resul ts  given in Fig.  10b were t a k e n  
4 
tube as shewn in Fig. 7. F igure  1Oc gives the r e su l t s  obtained while 
opzrating with three  t r aps  as above but at a lower value of diaphragm 
p r e s s u r e  ratio and hence a lower value of shock Mach number. 
A s  may be seen  from the resu l t s  of Fig. 10 there  is very  
little apparent change in the flow uniformity from Fig. 10a t o  Fig. lob.  
There is a slight increase in  t e s t  flow duration which may be attributed 
to  the  decrease  in  shock Mach number. However, in Fig. 1Oc noticeable 
evidence of flow nonuniforrnity appears after approximately 150 micro- 
seconds of test flow. This  flow disturbance appears  to be in  the form of 
a weak shock o r  compression wave which has been caused by the t r a p s  
and swept downstream ahead of the contact region. 
Fig. 9 also indicates an increase  in  the attenuating effect of the t r aps  on 
the flow when the initial p re s su re  is increased from 20 to  40 m m  Hg for 
the case of th ree  par t ic le  t raps .  
The data given in  
It would have been helpful to  have ca r r i ed  out sch l ie ren  or 
interfercrnetric s tudies  of the flow field in  the test sect ion in o r d e r  to 
bet ter  evaluate the overall effect of the par t ic le  t r a p s  on shock tube pe r -  
formance. However, due to t ime limitations this  was not possible. 
A s  for the particle problem itself, the pr imary  source  of 
par t ic les  wkich were causing the damage reported in Ref. 1 was found to  
be from secondary cellophane diaphragms being used to provide buffered 
(argoil) operation of the shock tube. 
diaphragm do exist ,  but i n  much s m a l l e r  s i ze  and quantity than thought 
when this  work was initiated. 
by these par t ic les  during some 25 or 30 runs  without par t ic le  t r a p s  is seen  
on the sur face  of the photodiode probe in  Fig. 3.  However, this is not 
considered t o  be a real problem provided the tube is cleaned by shock 
waves produced by low p res su re  cold runs  t o  remove any debr i s  existing 
after a hot, run. 
recommended. 
Particles result ing from the pr imary  
Evidence of the cumulative damage caused 
The latter operation has proved effective and can be 
The re  was some indication that the par t ic le  t r a p  system 
did resu l t  in some dec rease  of pr imary diaphragm particles.  However, 
it is felt that, since the damage in tests without t r a p s  was quite low and 
somewhat sporadic,  any evaluation of the overall effectiveness of the 
par t ic le  t r a p s  in t e r m s  of diaphragm part ic le  removal  is not justified on 
the bas i s  of the l imited number of tests c a r r i e d  out in  the present  work. 
4. CONCLUDING REMARKS 
Experimental  measurements have been c a r r i e d  out in  a 
hypersonic shock tube to determine diaphragm opening-times. 
ments have also been made for the purpose of evaluating shock tube 
Measure - 
5 
pe-formance when diaphragm part ic le  t r aps  were located nea r  the diaphragm 
s ta t ior .  
acproxirnate comparisons with the experimental  resu l t s .  
Simple theoretical  models were used as a means of obtaining - 
Diaphragm openipg-times of the  o r d e r  of 800 microseconds 
were measured fo r  diaphragms having basic thicknesses ranging from 
order  of 400 microseconds. 
is, to a Large extent, due to the use of an  over-simplified theoret ical  
mode: for diaphragm rupture.  
062” to 1’76’’. Approximate theoretical  calculations gave values of the 
It is felt that  this considerable d isagreemer t  
The experimental  resu l t s  which were obtaired during t h e  
evaluatior of shock tube performance with a system of paytic?e traps 
located just  downstream of the diaphragm indicated a noticeable decrease  
in overal l  performance. 
s t ronger  with increasing c h a m e l  p r e s s u r e  p1 for  a fixed d r ive r  press’iye 
~4 duying operation with the complete set of traps. 
flow r-orurliformity w a s  a l so  observed at the highest; value (40 mm Hg) of pl. 
The attenuating effect of the t r a p s  beczme 
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FIG.  10. RESULTS OF HEAT TRANSFER RATE MEASUREMENTS 
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APPENDIX A 
Simplified Derivation of Diaphragm Opening-Time 
The problem of diaphragm rupture  is quite complicated as 
a r e su l t  of the complex flew pattern around the diaphragm petals during 
rupture  as well as the dynamic stress-strain p rocesses  inside the dia- 






The shock tube cross-sect ion at the diaphragm station is 
assumed to be square  with an area equivalent to the actual 
c i r cu la r  cross-sect ion area. 
The diaphragm ruptures  instantaneously without any p r io r  
deform ation. 
Four identical tr iangular petals are formed upon rupture.  
The force acting on each petal  is a l inear  function of the 
opening area ,  varying from a maximum initial value to 
zero when the diaphragm is fully open. At any instant the 
force is assumed to be uniform over the petal  sur face  and 
ac thg  at its centroid. 
The moment due to  bending stresses in  the petal  is assumed 
as being constant during the rupture  process .  
The equation of motion for  the diaphragm petal  (see Fig.A. 1) 
may be writ ten as 
where 
I = moment of inertia of diaphragm petal  about 
its base line 
F = force  acting on petal 
Mr = moment due to bending stresses in petal  
For the t r iangular  diaphragm petal the moment of iner t ia  about its base 
is 
I =  
96 
8 
and the force acting on the petal may be written as 
2 p4 b cos 8 
4 
F =  
where p4 is the peak combustion-driver pressure .  
Assuming a uniform s t r e s s  distribution in the petal, the 
moment due to  the bending s t r e s s e s  may be written as 
yields t 
- C b r 2  
MCr - 4 
Substituting Eqs. (A, 2), (A. 3 )  and (A. 4) into Eq. (A. 1) 
e following resu l t  
(A. 4) 
Since T<< b and assuming that W/p4-1, the second t e r m  ir! 
The resul?.- the bracket above may be neglected as a first approximation. 
ing relation may then be integrated twice to obtain 
where the c8ts tants  of integration a r e  evaluated using the initial conditiors 
8 = 0 and - = 0 a t  t = 0. d t  
9 

* .  
APPENDIX B 
Design of Particle TraD Svstem 
The basic requirements  which were considered in the 
design of the set of par t ic le  t r a p s  shown in Fig. 7 were (1) to  provide 
maximum blockage to solid diaphragm part ic les  and (2) to t r y  to mini- 
mize the overal l  disturbance to  the shock tube flow as much as possible. 
In o r d e r  to satisfy the first criterion, it was necessary  to 
start with a t r a p  system that was optically tight. 
the second cr i ter ion,  it seemed logical that, i n  o r d e r  to reduce the dis- 
iurbances in thefiow, the trapping of par t ic les  should be made through a 
s e r i e s  of "partial traps",  or flow obstacles, r a the r  than in  a sudden and 
more-nearly total blockage of the flow. 
separated from each  other  as  much as possible within the space available 
for their location in the shock tube. Although the ent i re  set of t r a p s  may 
form an  optically-tight system, the provision of space between adjacent 
t r a p s  for  flow expansion meant there may still be some possibility for 
par t ic les  t o  pass  through the t raps  if the i r  t ra jec tor ies  conformed to flow 
streamlines .  In other  words, a cer ta in  amount of t r a p  overlapping might 
be required in o r d e r  to  achieve complete (or near ly  complete) par t ic le  
trapping. 
However, in  light of 
These flow obstacles would be 
In o r d e r  to  gain some insight a simplified analysis was 
The 
made of the motion of solid particles in a uniform, irrotational flow passing 
through a series of flow obstacles such as  for  the present  t raps .  
basic  equation of par t ic le  motion may be expressed as 
(U - w2 dV CDPS 
d t  2m 
- - -   
where 
V = particle velocity 
U = f low velocity 
CD = particle d rag  coefficient 
m = particle m a s s  
p = f low density 
S = particle reference area 
(B. 1) 
10 
In Eq. (B:l) only aerodynamic fo rces  are considered 
since they are generally severa l  o r d e r s  of magnitude g rea t e r  than 
gravitational forces.  The particle drag coefficient cD is, in general, 
a function of Reynolds number and Mach number. However, since the 
particle velocity relative t o  that of the flow is always subsonic, the 
influence of Mach number on CD w a s  assumed to be negligible. For 
the sake of simplicity, the dependence of CD on Reynolds number w a s  
a lso assumed to be invariant over the range of flow conditions of interest .  
Referring to  the coordinate system shown in Fig. B. 1, it 
is convenient to introduce the following nondimensional parameters  
U U 
where 
2m and T = 
C D P  “ D p  us 
2m L =  
One may then rewrite Eq. (B. 1) as 
- - (cosoc - ul)2 du’ 
d t ’  
for  the x - direction and 
dv‘ 2 
-- = ( s in& - v’) 
d t’ 
(B. 2 )  
0 3 . 3 )  
QB. 4) 
for the y - direction. 
The initial conditions which may be used to solve Eqs. (B. 3 )  
and (B.4) are as  follows 
The solutions for these two equations are found to  be 
11 
I 
I .  
1 u' = cos w - € 
cosoc-  uo t '  + 
and 
1 
v' = &lo( - 1 
t '  + 
one may then integrate the above relations to  obtain 
xt = t t c o s x  - In [1 + t ' ( c o s M  - .)I 
(B. 6 )  
Since dx' dY' and vt = - , u' = - 
d t '  d t '  
(B. 7) 
and 
y' = t t s i n M  - [ 1 + t t s i n d ]  (B. 8 )  
These resulting expressions provide a parametr ic  relation between XI and 
Y'. 
Calculations based on arb i t ra ry  values of o( and uto have 
been made and the r e s u l t s  a r e  given in Fig. B. 2. 
amount of particle deflection downstream of the first t r ap  decreases  as 
the initial particle velocity uo at  the exit of the first t rap  increases .  
F rom Fig. B. 3, for  fixed values of u to  and OC , one may then obtain 
the values for nondimensional particle deflection and velocity at any 
given distance downstream of the f i r s t  trap--in particular,  the distance 
corresponding to the location of the front surface of the second trap.  
As may be seen the 
F o r  the special  case where the particle velocity and flow 
velocity are parallel  (i. e . ,  inside the first t rap)  one obtains the following 
resul t  for particle velocity 
t' 
1 + t '  
u' = (B. 9) 
In deriving Eq. (B. 9) it was  a s sumed  that a l l  particles originated at the 
diaphragm and thus were motionless a t  t = 0. 
Integrating Eq. (B. 9) one obtains the following resul t  
(B. 10) 
1 2  
Combining Eqs.  (B. 9) and (B. 10) one then gets an explicit relation- between 
u1 and x which is given a.s 
(B. 1%) 
From Eq. (B. 11) it is possible to determine the particne velocity at the 
exit of the first trap. A plot of Eq. (B. 11) is given in Fig. B. 3 .  
Making use of the methods outlined above alrmg witk those 
discussed in Appendix C, a n  approximate analysis of the motion of 
diaphragm particles w a s  car r ied  out under the foliowing assumptions: 
(i) Flow inside the region, or  core ,  defined by the diameter d a  
(see Fig. B. 4)  is assumed to be undisturbed while the flow 
outside this regior, is outwardly deflected. 
(ii) Flow streamlines  of the deflected flow a r e  approximated by 
straight lines having a "mean" deflection angle OC which is 
based simply 09 existing geometry. 
(iii) Flow velocity as,d density in the region between Traps A asd 
B (see F igs .  7 and 3.4) 2re  assumed to be cogstant and 
equal to their  vs.lues a t  ibe exit a r e a  of the first trap. 
F o r  purposes of cakrlat jor ,  particle diameters  of . 01 m m .  .' 
. 1 m m . ,  and 1 m m . ,  were Iised. These particles were assumed to have a 
m a s s  density of 7 .8  kg/rn" corresrordi2g to that of the diaphragm mater ia l  
which was stainless steel .  The drag  coefficiect for these particles was 
taken to be about 0 .4  (Ref. 1 I ) .  
s> 
The calculated \dues ob%aired for p a r t i c k  deflection i.1 the 
region between the first two t raps  w e r e  . 15 in. ,  . 04 in . ,  and . 025 ic. for 
the . 01 m m . ,  . 1 mm. ,  and 1 mrn. diameter particles,  respectively. 
Since the second t r ap  surfaye overlapped the first by an amcunt of . 2 5  in. 
(see Fig. B. 4)  all  of the particles cors idered would, hypqthetically, 
s t r ike the surface of the seco!>d cra-o. 
A s  for the par t i r .13~ fzassing through the open cepter  portion 
of the second trap, it was cowluded  that their deflection in the region be- 
tween the la t ter  two t raps  would be l e s s  than that calculated above since 
they would have achieved a higher velocity (and hence momentum) in the 
downstream direction. Sine? the same amount of overlapping (0. 25 in. ) 
existed, these particles W G U E ~  a13 st r ike the surface of the third t rap.  
1 3  
, 
It is realized that the foregoing analysis is quite approximate 
in nature. However, it was felt that since these considerations were used 
in  the design of the particle t rap system it was worthwhile to mention them 
here.  
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FIG. B. 1 PHYSICAL COORDINATE SYSTEM FOR PARTICLE 
MOTION IN DEFLECTED FLOW HEGION. 
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FIG. B. 3 DIMENSIONLESS PARTICLE VELOCITY IN UNDISTURBED F L O W  
REGION (a = 0') 
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Calculation of Shock Tube Performance with Par t ic le  Traps  
In o rde r  to more easily examine the influence of a flow 
obstacle, such as a particle trap,  on the performance of a shock tube it is 
convenient to  make cer ta in  simplifying assumptions (Refs. 5-9): 
(i) The flow obstacle is assumed to be located at the dia- 
phragm station ( i . e . ,  a t  x = 0). 
(ii) The flow past  the obstacle is assumed to be a steady, 
isentropic expansion from subsonic to supersonic speed. 
F o r  the preser;t we will consider only the strong shock wave 
case  where i t  is assumed (Ref. 5) that an unsteady, left-running r a r e -  
faction wave E2 (see Fig. C .  1) cccurs  between the flow obstacle and the 
contact surface e. The wave d i ag raa  for  such a case  is given in Fig. C .  2. 
Following the s imple  procedure outlined in Ref. 5 (see also 
Refs. 6 and 7), the overal l  p ressure  ra t io  ac ross  the diaphragm may be 
expressed as 
P4 P 4  P4i P3i P3 P2 
P1 P4' F3' P 3  P 2  P1 
- =  -.-. -.-.- ( C .  1) 
L 
The p res su re  r a t i o  a c r o s s  the unsteady rarefaction wave R1 
where 
2 I 
The p res su re  r a t i o  a c r o s s  the flow obstacle may be written 
as (see assumption (ii) ) 
L P 
Across  the unsteady rarefact ion wave % the p r e s s u r e  rat io  
is given as 
15 
(C. 4) 
Finally, ac ross  the contact surface p3 = p2 and from one- 
dimensional shock tube theory (Ref. 10) one gets  
Fo r  a i r  as the driven gas, Eq. (C. 5 )  becomes 
2 
P2 - 7 M s - 1  
P 1  6 
- -  
Combining Eqs.  (C. 2) ,  (C. 3), (C. 4)  and (C. 6 )  one may 
rewri te  Eq. (C. 1) as 
2 
6 
) (C. 7 )  
p4 %@ ( 7 M s -  1 
- = G ( I  + p M 3 )  
P 1  
where 
The factor G is the inverse of the so-called "effective gain factor", g 
which w a s  first defined in Ref. 7 and is a constant depending only on 
the dr iver  gas  and on geometry. 
The flow Mach number M3 may be expressed as 
M 3 - a 3 = G = -  u3 u2 u2 2 aq aq' - a3' 
al  a4 a41 a31 a3 
which, af ter  appropriate substitution, becomes 
1 
Eq. (C. 7 )  may now be rewrit ten as 
U Z / a l G  a4'a1 -fX% - P I  
7 M z - 1  
6 




For a coizventioIzai, constant-area shock tube, G = 1, and 
Eq. (C. 11) reduces to i ts  stanclxd for= given by 
U p  to this pciqt we have considered only the case  of a 
single flow obstacie located st the diaphragm station. 
the possibility of havizg sel-era? f k w  o5aia.cies a s  shown in Fig. C. 3 
( see  also Fig. 7 )  then It Seco-es nzcessary to  make some additional 
assumptions about the ca ture  o€ the flow. 
situation have been cccsidered. 
If one considers  
Two simple approaches for  this 
In the f k s t  znv,rcach., I C  -\.;,l?icsh is ?crha.ps somewhat naive, one 
may assume that the flmv always becomes c k k e d  (in an isentropic manner) 
a t  the f i r s t  miaimurn area a d  is scprrsonic thereafter,  undergoing 
isentropic compressions a d  expznsicns through the succeeding flow 
obstacles.  
this wcrrld mean that tke f l o - ~  7;;3sl?r become soriic in the f i r s t  obstacle and 
undergo a supersonic e x p a w h i  downstream of it. 
decelerate  (isentropizd:y) 5azk to a S0i:ic condition in the second flow 
obstacle and again expand supSmxiicsLly dcwrxtrearn of it, and so on for  
the next obs-tacle. Yecce, f S 2 r  this ~Itza-tSon, o m  only needs to consider 
the effect of the f i r s t  obstade s i ~ c e  t h 2  succeeding onzs a r e  assumed to 
provide equal isectropic c a m p r e s i m s  a.id expansions, thus al-ways 
producing the same flc,;Ti M s 2 z h  x.i:xber d-wcstream of a l l  obstacles. 
Since in the present work a11 of the minimum cross-sect ion 
a r e a s  a r e  ecpzeL, a d  simIlar.2y Tcr the i:;,sxir~cm a r e a s  (A4 = A1 = Amax), 
The flcw would then 
Ir? the secczd zp-?r2~-.-,h, the other extreme wes  taken. It 
The flow through each 
was assumed th3t the f l 2 - H  ~;lv.vr,ys S e z ~ : f i ~ ~  chckzd in the las t  obslacle 
and is snbsonic through all pi*ezedii;g obstacles.  
obstacle pr ior  to thc lzs t  ozz LS assumed  to accelerate  ( iser t ropical ly)  to 
a subsonic speed correspasdizg tc thz passage a r e a  of the obstacle and  
then to decelerate at a constall; 9rzssiiz-e io a speed corresponding t Q  the 
maximum cross-sect ion area dcwnstreatx of the obstacle, and so cn. 
When only ;i singl,? f l aw obstacle is considered the two 
approaches, of ccurse ,  become s;)-i)onc;rnous. 
not depend on the approach takcn sicce it is fixed by A*/A1, which is the 
same  for  a l l  obstacles in the present viork,. In the second approach, one 
s t a r t s  with this valze of M n l  aad proceeds backwards (i. e. , upstrPam) 
through the obstacles tr; ca l -da t e  a value fer h'I.qt. Heme,  the factor G 
given by Eq. ( C .  8) will, in this apprrxch, a lso depend on the number of 
flow obstacles considered. F c r  L sing]-e flow obstacle, one gets a value 
for  G equal to 1. 153, whPreas io; the case  of th ree  flow obstacles,  
Also, the value of M35 does 
17 
G = 1.408. The calculated performance curves based on these values a r e  
given in Figs.  8 and 9. (The relevant Mach numbers  through the obstacles 
a r e  given in Table C. 1, for reference.  ) 
The limiting condition that must be satisfied for  the above 
resul ts  to be valid is that M31 < M3 in order  f o r  a left-running rarefaction 
wave to exist between the l a s t  flow obstacle and the contact surface.  
requirement thus fixes a lower l imit  on the shock Mach number below which 
Eq. (C. 11) may not be used. 
found to be (M ) 
compression wave. 
in the present work. 
This 
For  the present case,  this  limiting value is 
= 5. 07. For Ms l e s s  than the foregoing, 
conditions have to Mz e = matched M3' using an upstream-facing shock wave o r  
This case  is treated in Ref. 5, but is not of interest  
18 
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FIG. C. 1 SCHEMATIC OF SHOCK TUBE FLOW PATTERN 
Steady 
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FIG. C . 2  WAVE DIAGRAM FOR SHOCK TUBE FLOW 
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